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Objective: We wanted to investigate the usefulness of event-related (ER) functional MRI (fMRI) for the assessment of 
cortical visual impairment in infants with periventricular leukomalacia (PVL). 

Materials and Methods: FMRI data were collected from 24 infants who suffered from PVL and from 12 age-matched normal 
controls. Slow ER fMRI was performed using a 3.0T MR scanner while visual stimuli were being presented. Data analysis was 
performed using Statistical Parametric Mapping software (SPM2), the SPM toolbox MarsBar was used to analyze the region 
of interest data, and the time to peak (TTP) of hemodynamic response functions (HRFs) was estimated for the surviving 
voxels. The number of activated voxels and the TTP values of HRFs were compared. Pearson correlation analysis was 
performed to compare visual impairment evaluated by using Teller Acuity Cards (TAC) with the number of activated voxels 
in the occipital lobes in all patients. 

Results: In all 12 control infants, the blood oxygenation level-dependent (BOLD) signal was negative and the maximum 
response was located in the anterior and superior part of the calcarine fissure, and this might correspond to the anterior 
region of the primary visual cortex (PVC). In contrast, for the 24 cases of PVL, there were no activated pixels in the PVC in 
four subjects, small and weak activations in six subjects, deviated activations in seven subjects and both small and 
deviated activations in three subjects. The number of active voxels in the occipital lobe was significantly correlated with 
the TAC-evaluated visual impairment (p < 0.001). The mean TTP of the HRFs was significantly delayed in the cases of PVL as 
compared with that of the normal controls. 

Conclusion: Determining the characteristics of both the BOLD response and the ER fMRI activation may play an important 

role in the cortical visual assessment of infants with PVL. 
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INTRODUCnON 

Infants with cerebral palsy (CP) frequently present 
with cortical visual impairment (CVI) that is often 
caused by damage to the retrochiasmatic pathways (1). 
This is particularly true for patients with damage to the 
periventricular white matter. Periventricular leukomalacia 
(PVL) is the leading cause of chronic motor disability in 
infants after hypoxic insult, and this is due to an ischemic 
infarction of the periventricular white matter, which is the 
vascular watershed zone in the developing fetus (2). The 
visual fields are thought to be affected early in the course 



kjronline.org Korean J Radiol 12(4), Jul/Aug 2011 



463 



Korean Journal of Radiology 

KjR 

of the disease. 

Severe CVI with perinatal brain lesions can be found 
even in the presence of normal visual acuity testing (3). 
In addition, peripheral visual field testing is necessary to 
define the cortical visual impairment, which is impossible 
before three years of age (4). However, the maximum 
plasticity of visual function occurs within the first two years 
of age (5). Therefore, to provide an accurate prognosis and 
appropriately targeted interventions for infants with CVI, 
new methods are needed for defining the anatomic and 
functional basis of CVI early in development. 

Blood oxygenation level-dependent functional magnetic 
resonance imaging (BOLD-fMRI) is currently used to map 
brain functions (6). On the basis of the local changes in 
blood oxygenation, the fast MR imaging sequences can be 
used to visualize the regional neuronal activity elicited 
by a given task. This technique offers the ability to non- 
invasively study the response of the visual cortex upon 
photic stimulation in normally developing children and in 
children with structural lesions of the visual pathways. 

However, during fMRI examination, the patients 
are required to remain motionless and to understand 
and perform the given task. These requirements have 
restricted the use of fMRI in infants and young children 
in general, and the degree of cooperation required may be 
particularly difficult for children with coexisting intellectual 
impairment. The development of passive paradigms and the 
use of sedatives should avoid these obstacles. Fortuitously, 
visual stimuli do not require patient cooperation because 
they can be passively presented. 

Sie et al. (7) performed fMRI research on 21 infants 
with PVL using a 1.5T MR scanner. Although the visual 
responses of these 21 infants were comparable to those of 
healthy control infants, the activated cortical volume in the 
visual cortex of the injured infants was shown to be highly 
correlated with the severity of occipital PVL. The signal-to- 
noise ratio (SNR) of BOLD contrast is higher on 3T scanners 
than on 1.5T scanners; thus, a 3T scanner may be sensitive 
enough to detect a small difference in the BOLD response in 
the visual cortex of both control and PVL infants. 

The purpose of our study was to investigate the event- 
related (ER) fMRI signals for the assessment of CVI in 
sedated PVL infants with using passive visual tasks and a 3T 
MR scanner. 



Yu et aL 

MATERIALS AND METHODS 

Subjects 

In this prospective hospital-based study, the subjects 
were 37 infants (F:M = 15:22; age range, 0.6-1.5 years; 
median age, 1.0 years) B and this group included 18 pre- 
term infants (gestational age: 30.5 + 2.1 weeks) and 19 full- 
term infants with cerebral palsy. All patients had a history 
of hypoxic insult followed by coma or altered consciousness 
with or without convulsions in the neonatal period. Those 
infants with visual impairment caused by ophthalmological 
abnormalities were excluded. Complete ophthalmological 
examinations were performed and the binocular visual 
acuity was also evaluated using Teller Acuity Cards (TAC). 
In addition, 16 age-matched normal controls (F:M = 7:9; 
age range, 0.5-1.5 years; median age, 1.0 years) with 
normal MRI findings and without neurological abnormalities 
were recruited for comparison. Written informed consent 
was obtained from all of the part:icipants' parents or legal 
guardians, and all procedures were performed according to 
the guidelines of the institutional review board for clinical 
studies. 

Data Acquisition 

All infants were sedated for 45 min before imaging with 
30 mg/kg of chloral hydrate, and they were quietly asleep 
during the examination. During the scan, the arterial 
oxygen saturation and heart rate were monitored in all of 
the infants, adhesive earmuffs were added for ear protection 
and the infants' heads were immobilized using a polystyrene 
bead-filled pillow from which the air was evacuated. 

The fMRI scans were performed using a 3.0T MR scanner 
(Intera Achieva, Philips Medical Systems, The Netherlands) 
with an 8-channel sensitivity-encoding (SENSE) head coiL 

Functional images were obtained using a gradient-echo 
echo-planar image (EPI) sequence (TR [repetition time]/TE 
[echo time] = 2000/30 ms, field of view [FOV] = 220 mm, 
matrix = 64 X 64, 4-mm axial slices). Functional scanning 
was always preceded by 8 sec of dummy scans to ensure 
tissue steady-state magnetization. Anatomical scans were 
performed after the fMRI scans. A fast field echo (FEE) Tl- 
weighted sequence (TR/TE = 2500/15 ms, FOV = 220 mm, 
matrix = 512 x 512, thickness = 4 mm) was performed to 
acquire the same volume as in the functional session. 

fMRI Paradigm and Stimuli 

For the first experiment, a block paradigm that alternated 
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between "control" and "activation" sequences was applied. 
A 2-Hz visual flash was applied during the activation period. 
The visual stimuli were applied at a relatively low frequency 
in accordance with the stimulation frequency used for the 
visually evoked potentials in newborns and infants prior 
to myelination of the optic pathway. After the first control 
block (30 sec), the two conditions (30 sec each) were 
repeated four times, yielding a total duration of 270 sec per 
stimulation run. 

The last experiment was done using the slow event- 
related approach (8). A constant inter-stimulus interval 
was used to avoid an assumption about the linearity 
of the BOLD signal in newborns (9) and to improve the 
detection accuracy (10). The stimulus (2-l-lz visual flash) 
was presented for 5 sec. The inter-stimulus interval was 60 
sec. Stimulus presentation was repeated 10 times, leading 
to scan duration of 11 min with a total MRI scan time of 
approximately 27 min for each child. The infants' eyes 
remained closed throughout the examination. 

Data Analysis 

Preprocessing and statistical analysis of the fMRI data 
were performed using the SPM2 software package (Welcome 
Department of Cognitive Neurology, London, UK) and 
using the Matlab platform. The images were realigned 
and subsequently corrected for differences in the slice 
acquisition time using temporal realignment to the middle 
slice. If the head motion in the fMRI data was > 2 mm, then 
the data was discarded. 

The images were then normalized to the standard 
stereotactic space corresponding to the template from 
the post-processing of pediatric MR images of 2-year- 
old children download from Hammersmith Hospital of the 
Imperial College, London (http://www.doc.ic.ac.uk/~dr/ 
brain-development). This was performed using the SPM 
Toolbox VBM2 vl.09 (dbm.neuro.uni-jena.de/vbm) and 
smoothing with an isotropic 6-mm Gaussian kernel. A voxel- 
by-voxel comparison according to the general linear model 
(GLM) was used to calculate the activation differences 
between the active and resting conditions. 

Significant signal changes for each contrast were assessed 
using F-statistics on a voxel-by-voxel basis. The resulting 
set of voxel values for each contrast constituted statistical 
parametric mapping (SPM) of the F-statistic. The threshold 
was set to p values < 0.05 and familywise error (FWE) was 
corrected for the single-subject analysis. The activated 
images were superimposed on the standardized Tl-weighted 



images and the single-subject EPI and Tl-weighted images. 
The coordinates of the maximum response and the number 
of activated voxels in the occipital lobe were recorded. 

The quantitative analysis of the ER fMRI data was 
performed using the regions of interest (ROI) method 
centered on the activated areas in the occipital lobe. The 
SPM toolbox MarsBar (MRC Cognition and Brain Sciences 
Unit, Cambridge, UK) was used to engage the statistical 
analyses of the ROI data, and the hemodynamic response 
functions (HRFs) for both the patients and the normal 
controls in the ER paradigm were obtained. The post- 
stimulus onset BOLD signal time to peak (TTP) of the HRF 
was measured. The number of activated voxels and the TTPs 
of the HRF were analyzed by Student's t test. A p value < 0.05 
indicated statistical significance. The Pearson correlation 
analysis test was performed to compare visual impairment 
with the number of activated voxels in the occipital lobes 
of all PVL infants. 

RESULTS 

Four PVL infants (2 full-term and 2 pre-term) and one 
control infant awakened before or during the fMRI scan, 
and the head motions of nine PVL infants (5 full-term and 4 
pre-term) and three controls were > 2 mm. The fMRI data of 
these 17 infants (13 PVL and 4 controls) were discarded. 

The fMRI data of 24 PVL infants (age range, 0.6-1.4 years; 
median age, 1.2 years), including 12 pre-term (gestational 
age, 30.5 + 2.1 weeks) and 12 full-term infants, and 12 
normal controls (age range, 0.6-1.5 years, median age, 
1.1 years) were included. Of the PVL infants, 18 (75%) 
presented with visual impairment. Of these, six (33%) were 
totally or almost totally blind and 12 (67%) had low vision. 
The other six PVL infants (24%) had normal (4) or near- 
normal (2) vision. 

Of the 12 normal infants, the BOLD response to the 
stimuli presented as a signal decrease. Signal fluctuations 
after the return to baseline and an overshoot were observed 
in both the patients and controls. The maximum response 
was located in the anterior and superior part of the 
calcarine fissure, and this may correspond to the anterior 
region of the primary visual cort:ex (PVC) (Fig. 1). However, 
of the 24 infants with PVL, there were no activated voxels 
in four cases, tiny activations (< 1500 voxels) in six cases 
(Figs. 2, 5), deviated activations (in which the maximum 
response was not in the anterior or superior part of the 
calcarine fissure) in seven cases (Fig. 3), and both tiny and 
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deviated activations in three cases (Fig. 4). 

The number of active voxels in the occipital lobe of 
the PVL infants (1544.9 + 779.0) was significantly lower 
than that of the controls (2335.8 + 672.6), and fewer 
active voxels were found in the pre-term PVL infants 
(685.1 + 122.2) as compared with that of the full-term 
infants (2000.2 + 427.2). The number of active voxels in 
the occipital lobe was significantly correlated with visual 
impairment as evaluated by TAC (p < 0.001) (Fig. 6). The 
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mean TTP of the HRFs was significantly delayed in the 
PVL infants as compared with that of the normal controls 
(4.67 + 0.98 versus 8.84 + 1.33, respectively, p < 0.05). 
Additionally, the TTPs significantly differed between the 
pre-term and full-term infants (7.83 + 1.33 versus 9.85 + 
2.48, respectively, p < 0.05). 
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Fig. 1. Active area and hemodynamic response function of normal infant. 

Hemodynamic response function is located in upper right hand corner of active map. 
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including the optic radiations, the striate cortex and/or the 
prestriate cortex. CVI remains difficult to clinically assess 
Cortical visual impairment is the leading cause of bilateral in young infants. A high correlation between the degree 
visual impairment, which is defined as a visual deficit that of PVL and the severity of CVI has been documented in 
is caused by disturbance of the posterior visual pathways, many studies using conventional MRI and clinical visual 




Fig. 2. Active area and hemodynamic response function of full-term primary visual cortex infant. 

Active area is slightly decreased, time to peak is slightly prolonged and result of Teller Acuity Card examination is rated "+-' 
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acuity testing (11). However, clinical measurement of visual involving patients with visual deficits. However, to date, few 

field defects is difficult and even in normally developing functional studies of visual perception have been performed 

children. in infants and children suffering from CVI. In this study, we 

The potential of fMRI has been pointed out in studies focused on PVL infants, with or without visual impairments. 
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Fig. 3. Active area and hemodynamic response function of full-term periventricular leukomalacia infant. 

Active area is deviated in nature, time to peak is prolonged and result of Teller Acuity Card examination is rated "+-' 
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to quantitatively assess the destruction of the involved 
posterior visual pathway. 

Functional activation of the normal controls was localized 
in the medial occipital lobe. The site of maximal activity 
was primarily the anterior calcarine sulcus, which may 
correspond to projections of the peripheral visual field and 
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that are received by the anterior region of the PVC. This 
activity may be related to the manner in which the stimuli 
were presented. Visual stimulation was given through closed 
eyes in the absence of a fixation point or the control of 
eye position. Therefore, only the peripheral visual field may 
have been excited (12). Furthermore, the use of a relatively 
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Fig. 4. Active area and hemodynamic response function of pre-term periventricular leukomalacia infant. 

Active area is tiny and deviated, time to peak is slightly prolonged and result of Teller Acuity Card examination is rated "+". 
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low stimulus rate (2 Hz, in accordance with visual evoked- 
potential studies (13)) may be a factor in our findings. 

Negative BOLD responses were found in our study. Their 
shape is similar to a negative mirror image of the known 
positive adult BOLD response. Negative BOLD responses 
have been observed by different research groups in infants 
and children, and specifically in those infants older than 
eight weeks (14) or those children between four and 40 
months of age (15). Negative BOLD responses have also 
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been reported in the primary auditory cortex in sedated and 
non-sedated infants (15). The explanation of the negative 
BOLD response in infants may reflect a rapid increase in the 
deoxyhemoglobin/oxyhemoglobin ratio, which is likely to 
be caused by impaired cerebral blood flow autoregulation or 
by high augmentation of the oxygen consumption. 

The results of the block paradigm demonstrate that the 
activation size in PVL infants was smaller than that in 
the normal controls, and the number of voxels activated 
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Fig. 6. Scattergraph comparing visual impairment and fMRI 
data in periventricular leukomalacia (PVL) infants. 

Scattergraph shows relationship between visual impairment 
and number of active voxels in occipital lobe of periventricular 
leukomalacia infants. 



during fMRI was well-correlated with the clinical visual 
acuity results. This result might be explained by vascular 
incompetence, altered BOLD phenomena or cortical non- 
function. This aberrant or deviated fMRI activation 
may suggest the occurrence of cortical reorganization 
with conserved visual function. Despite that PVL causes 
substantial structural deformities of the occipital cortex in 
some patients, visual function plasticity may have occurred 
when considering their very young age. Reorganization may 
compensate, to some degree, for the PVL-induced visual 
impairment, which may lead to an optimistic potential for 
visual development in some children affected by cerebral 
palsy caused by PVL, as was reported by Porro et aL (16). 

The results of our event-related fMRI paradigm showed 
that the TTP of the HRFs was significantly delayed in the 
cases of PVL as compared with that of the normal controls, 
and even in patients with normal or near-normal visual 
acuity. The TTP delay may reflect white matter injury in the 
posterior visual pathways, leading to impaired input from 
the retina to the PVC. The delay may be more sensitive than 
the decay of the BOLD signal for predicting some diseases 
such as early Alzheimer disease (17). However, considering 
the limited sample size of our study, the HRF variability 



across subjects (18) and the shifted neural pathway due to 
functional reorganization (19), we did not perform further 
analysis of the correlation between the TTP delay and white 
matter injury. 

Chloral hydrate was administered to sedate all infants 
to ensure better fMRI success rates. Previous studies have 
ruled out the influence of sedation on the BOLD signal 
characteristics (14, 15). We used low doses of chloral 
hydrate (20) and we performed the scans 45 min after 
administering chloral hydrate (14). Therefore, any influence 
of sedation on our data was greatly diminished. However, 
more experimental data is needed before definitive 
conclusions can be drawn concerning the decreased BOLD 
signal in infants. 

The clinical relevance of injury and the related 
modification of the above-mentioned white matter 
architecture detected in this study remain unknown, so 
long-term follow-up studies will be necessary to clarify 
the relationship between altered white matter anatomy 
and the outcome of clinical visual impairment (21). In 
particular, the correlations between damage to different 
cortical and/or subcortical connections and the types of 
neuropsychological deficits require further study. 

In conclusion, we demonstrated the feasibility of using 
fMRI to investigate the visual impairment in children 
with PVL. Decreases in the number of active voxels in the 
occipital lobe and a TTP delay of the HRFs in these children 
may be indicators of visual impairments in children with 
PVL. 
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